Aims/hypothesis It is not known whether mean blood glucose (MBG) predicts the risk of macrovascular complications in diabetes any differently from HbA 1c . In this study we therefore analysed data from the Diabetes Control and Complications Trial (DCCT) to assess the relationship between MBG, HbA 1c and glucose variability with regard to the risk of cardiovascular disease in patients with type 1 diabetes. Methods Pre-and postprandial seven-point glucose profiles were collected quarterly during the DCCT in 1441 individuals. The relationship between time to first cardiovascular event and MBG, HbA 1c and daily SD of blood glucose was assessed by Cox regression after adjusting for the known risk factors of macrovascular disease and the treatment groups of the patients. Results Cox regression showed MBG to be predictive of a cardiovascular event (p=0.019), but not HbA 1c (p=0.858). A rise of 1 mmol/l in MBG was associated with an 11% rise in cardiovascular risk. MBG remained highly predictive (p=0.015) even after adjustment for HbA 1c values and glucose variability.
Introduction
Cardiovascular disease remains the main cause of excess mortality among patients with type 1 and type 2 diabetes [1] [2] [3] . While the Diabetes Control and Complications Trial (DCCT) in type 1 diabetes and the United Kingdom Prospective Diabetes Study (UKPDS) in type 2 diabetes both demonstrated the benefits of intensive glucose treatment with regard to the risk of microvascular complications [4, 5] , the trends in both studies towards reduced cardiovascular events failed to reach statistical significance. However, post hoc analysis combining both groups in thewas associated with a 14% fall in the risk of myocardial infarction, based on 573 events [6] . This was consistent with evidence emerging in type 1 diabetic patients [7] and participants without known diabetes [8] , but was smaller in magnitude than the 37% reduction in microvascular complications per 1% HbA 1c in the UKPDS [6] and the 44% reduction found in the DCCT for every 10% relative change (e.g. 7.2 vs 8.0%) in HbA 1c [9] . More recently, the long-term follow-up study of the DCCT cohort, the Epidemiology of Diabetes Interventions and Complications (EDIC) Study, has found that intensive treatment during just the period of the DCCT reduced the long-term risk of cardiovascular disease by 42% [10] . Differences in HbA 1c during the DCCT (rather than simply changes in known cardiovascular risk factors) seemed to account for much of the benefit associated with intensive treatment.
Although HbA 1c is therefore an apparently useful marker for determining cardiovascular risk, it was originally used in the DCCT as an additional means of assessing glycaemia [11] , as it gives an indication of glucose control during the 6 to 8 weeks prior to sampling [12] . In fact, blood glucose was also closely measured in the study, with each of the 1,441 participants requested to have 1 day glucose profiles (including pre-and postprandial measurements) performed every 3 months by a laboratory. This enabled a subsequent analysis to show that while there is a linear relationship between mean (AUC) blood glucose (MBG) and HbA 1c , there can also be a marked discrepancy between the two measures with patients having the same MBG but quite different HbA 1c values and vice versa [13] . By comparison, the UKPDS only collected fasting glucose measurements and so did not allow a similar analysis to be made.
We and other authors have previously shown that blood glucose variability around the mean value does not appear to be an additional factor in the development of microvascular complications among DCCT patients and that preand postprandial glucose values are equally predictive of the small vessel complications of type 1 diabetes [14, 15] . However, in patients with diabetes there is also now accumulating circumstantial evidence that glycaemic variability may well influence the risk of macrovascular complications, possibly through a mechanism mediated by free radicals [16] .
No study has assessed the relative merits of MBG and HbA 1c in predicting the risk of ischaemic heart disease and other macrovascular complications in patients with diabetes. We therefore re-analysed the original DCCT data to establish whether MBG or HbA 1c was more predictive of these events independently of other known risk factors in patients with type 1 diabetes. We also wished to establish whether blood glucose variability exerted an additional influence on cardiovascular risk in these patients.
Methods
The datasets We used the publicly accessible datasets collected by the DCCT, which were stored in SAS format (http://www.gcrc.umn.edu/gcrc/downloads.html). The DCCT was a 9 year randomised controlled trial of 1441 participants with type 1 diabetes that compared the effect of intensive vs conventional blood glucose management on the development of microvascular complications of diabetes. At randomisation, patients were stratified into one of two cohorts. The primary prevention cohort (n=726) had no evidence of retinopathy by fundus photography and a urinary AER <40 mg/24 h (28 μg/min). The secondary prevention cohort (n=715) had only minimal retinopathy and an AER <200 mg/24 h (140 μg/min). The study participants were randomised into intensive (n=711) and conventional (n=730) treatment groups.
Definition of events Macrovascular events during the trial were those as defined by the DCCT group investigators and included angina, fatal and non-fatal myocardial infarction, coronary revascularisation and major ECG events [17] . Definitions, verification of macrovascular events and grading of electrocardiograms were standardised. Baseline characteristics and other data for patients who did or did not subsequently develop macrovascular disease have been presented previously [17] .
Glycaemic variables and statistical methods A capillary blood glucose profile was taken at intervals of 3 months with samples being analysed by a central laboratory [18] . Blood glucose was assessed at seven points throughout the day, namely: pre-breakfast (we assumed a time of 07:00 hours), post-breakfast (08:30 hours), pre-lunch (12:00 hours), postlunch (13:30 hours), pre-supper (18:00 hours), post-supper (19:30 hours) and bedtime (22:00 hours). An additional data point was collected at 03:00 hours, but since this was only measured in <1% of participants, it is not considered further. MBG was calculated by the AUC using the trapezoidal rule [19] in accordance with Rohlfing et al. [13] .
Instability of blood glucose (within-day SD) was calculated as the SD of daily blood glucose around the mean from each quarterly visit. This has been shown to correlate closely with other measures of glucose variability in type 1 diabetic patients [20] . Variability in MBG over time was estimated as the SD of the MBG (AUC) measurements measured every 3 months. Mean preprandial glucose was taken as the average of pre-breakfast, pre-lunch and pre-supper; mean postprandial glucose was taken as the average of post-breakfast, post-lunch and post-supper.
The relationship between time to first cardiovascular/ macrovascular event and MBG (AUC), SD MBG, prepran-dial blood glucose, postprandial blood glucose and HbA 1c was assessed by Cox regression, from which hazard ratios (HRs) and 95% CIs were calculated. Macrovascular event analysis included all the cardiovascular ones. Each of the variables was measured quarterly throughout the study period. We fitted a series of time-dependent Cox models that take into account the different measurements over time, to the data. In effect, the means are updated continuously. All Cox models were adjusted for the following baseline covariates: age (years), sex, disease duration (years), randomisation treatment (conventional vs intensive), prevention cohort (primary vs secondary), study phase (first or second) and BMI (kg/m 2 ). Further statistical adjustment for a number of time-dependent variables (measured annually) was carried out, namely HDL-cholesterol (mmol/l), LDLcholesterol (mmol/l), triacylglycerol (mmol/l), mean blood pressure (MBP; mmHg) and pack-years smoking. The GLIM4 [21] and SPSS (version 11) statistical computer packages were used to analyse the data. An arbitrary level of 5% statistical significance (two-tailed) was assumed.
Data considerations A total of 1440 patients were included in the Cox modelling. One patient was excluded as his/her censoring time occurred before the earliest event in a stratum.
The DCCT remains the most complete randomised control trial in its field with a remarkably low loss to follow-up and outstanding compliance to the study protocol. Only eight patients withdrew, and 11 died. More than 95% of expected visits were completed. There were no missing data for the baseline covariates (age, sex, randomisation treatment, disease duration, study phase and prevention cohort).
With regard to time-dependent covariates, not everybody had a complete blood glucose profile during every quarter of their participation. Table 1 shows the compliance of patients throughout the study period. We included all profiles with five observations or more during the 24 h period, extrapolating missing values from the surrounding points. We are aware that many methods can be used to extrapolate missing values for longitudinal data [22] and that each method has its advantages and disadvantages depending on the setting [23] . Table 1 also describes the completeness of the other time-dependent covariates, most of which were collected annually. Missing data were not imputed, but were taken into account in the time-dependent modelling. Thus, if MBP was recorded at baseline but not at 1 year, the baseline value was used; if MBP was measured at 1 year but not at 2 years, the 1 year value was used and so on. Thus, the mean was constantly updated, replacing missing values with the last (most recent) observation carried forward until a new observation was available. Although we cannot rule out bias in this approach, the fact that this was the largest and most comprehensive diabetes study ever conducted [24] gives us confidence in our findings.
Results
As already published by the DCCT group [17] Table 2 . Looked at individually, MBG (AUC), and pre-and postprandial blood glucose were significantly related to the development of cardiovascular risk, while within-day variability of MBG and HbA 1c were not significant. When considered in a series of further models, MBG (AUC) was still associated with an increased risk of cardiovascular disease, even when adjustments were made for HbA 1c values. While pre-and postprandial blood glucose were independently predictive of cardiovascular outcome, neither was significantly superior to the other when both were considered together. Relationships with any first macrovascular event (which include cardiovascular) were less strong all round than for cardiovascular events alone (Table 2 ). Similar findings were found when restricting analysis to only those glucose profiles with a full seven points collected on 75% or more of quarterly visits. For example, the HR for a cardiovascular event and MBG (as in model 2, 
Discussion
This study has shown that MBG, in contrast to HbA 1c , was significantly predictive of cardiovascular events during the original study period of the DCCT following adjustment for the known risk factors of macrovascular disease and the treatment groups of the patients. For every 1 mmol/ l increase in blood glucose the risk of a coronary event increased by 11% (p=0.019). Indeed, MBG lost none of its ability to predict risk even when the HbA 1c values of the TG, triacylglycerol study participants were taken into account. The reduced strength of association with MBG when other macrovascular diseases were included in the data analysis (p= 0.041) may be a reflection of the 'softer' nature of some of these endpoints as defined originally by the DCCT trialists.
Previous studies examining cardiovascular risk in the original DCCT dataset have concentrated mainly on differences between the treatment groups and have found trends but no statistically significant differences in event rate [4, 17] . The EDIC study group recently reported a 42% reduction in cardiovascular events among intensively treated DCCT patients during longer term follow-up, even though the glycaemia in intensive and non-intensive treatment groups converged after the end of the original trial [10] . This current analysis suggests that the risk associated with hyperglycaemia, which was found at 17 years follow-up by the EDIC study, was already largely in place during the original 6.5 years average follow-up in the DCCT.
This analysis also examined blood glucose variability during the DCCT, as well as pre-and postprandial measurements. Consistent with the lack of influence of glucose variability on microvascular complications [14] , this analysis found no obvious evidence to corroborate a link with macrovascular risk in DCCT participants. Also, postprandial hyperglycaemia did not add to preprandial as a risk predictor (Table 2 , model 3), but, as discussed below, these findings must be qualified because of the relatively few events in the study.
From a clinical perspective, this study reaffirms the usefulness of pre-and post-meal blood glucose measurement as an adjunct to HbA 1c , especially in patients whose MBG is not entirely concordant with their HbA 1c value. In this regard, an independent analysis of the DCCT dataset showed that individual patients with an MBG of, say, 10 mmol/l can have mean HbA 1c values between 6 and 10% [13] . The reasons for these differences are multifactorial but are likely to include between-individual variability in erythrocyte survival, differences in the rate at which participants glycate their haemoglobin at the same glucose concentration [25] and variability in the relationship between mean glucose and HbA 1c , depending on the glycaemic control of the population being studied [26] . Nonetheless, why MBG should be a better predictor than HbA 1c of time to first cardiovascular event in the DCCT remains uncertain. It is, however, just possible that markers of hyperglycation (such as HbA 1c ) are superior at predicting the microvascular complications of diabetes, while hyperglycaemia is better for assessing cardiovascular risk.
This analysis is not without its limitations. There were only 34 first cardiovascular events and 73 other macrovascular events. This meant that there were therefore too few events in the intensive group to ascertain whether the findings applied equally to each treatment group. Also, while we did not find HbA 1c to be a significant predictor of cardiovascular events in this study, it remains possible that we simply had insufficient power to detect smaller effects. To investigate this, we performed a post-hoc power calculation to determine the magnitude of HR that we could expect to detect in a study of this size [27] . Using an event rate of 2.4%, a variance of the covariate HbA 1c of 1%, a sample size of 1441 and an alpha level of 0.05, we have sufficient (80%) power to detect an HR of 1.82 univariately. In comparison, the adjusted HR we observed for MBG was 1.11 and the adjusted HR observed for HbA 1c was 1.03. We cannot conclude from the DCCT data that HbA 1c will never predict cardiovascular risk (indeed it did after longer term follow-up in the EDIC study [10] ), just that MBG seems to be a better predictor. It must also be accepted that even though compliance with glucose profiling was very good for a clinical study of such length (Table 1) , continuous glucose monitoring systems would probably prove to be a more accurate way of assessing MBG in future studies [28] , even though it may also prove difficult to find another cohort as free from potential confounders, such as lipid-lowering, antiplatelet and antihypertensive treatments, as was present in the DCCT. There are also undoubted practical considerations if any form of glucose monitoring is to be recommended in addition to that of HbA 1c measurement.
In summary, this study has shown that MBG was better than HbA 1c at predicting the risk of cardiovascular disease in type 1 diabetic patients participating in the DCCT. High blood glucose values would thus appear to have exerted a detrimental effect on macrovascular complication risk even during the original duration of the DCCT study, despite this effect not being detected by measurement of HbA 1c . In keeping with recommendations to reduce the microvascular complications of diabetes [29] , this is an additional reason for controlling hyperglycaemia as rapidly as possible.
